Symmetry is an important cue in face and object perception. Here we used fMRI-guided transcranial magnetic stimulation (TMS) to shed light on the role of the occipital face area (OFA), a key region in face processing, and the lateral occipital (LO) cortex, a key area in object processing, in symmetry detection. In the first experiment, we applied TMS over the rightOFA, its left homolog (leftOFA), rightLO, and vertex (baseline) while participants were discriminating between symmetric and asymmetric dot patterns. Stimulation of rightOFA and rightLO impaired performance, causally implicating these two regions in detection of symmetry in low-level dot configurations. TMS over rightLO but not rightOFA also significantly impaired detection of nonsymmetric shapes defined by collinear Gabor patches, demonstrating that rightOFA responds to symmetry but not to all cues mediating figure-ground segregation. The second experiment showed a causal role for rightOFA but not rightLO in facial symmetry detection. Overall, our results demonstrate that both the rightOFA and rightLO are sensitive to symmetry in dot patterns, whereas only rightOFA is causally involved in facial symmetry detection.
Introduction
Bilateral vertical symmetry plays an important role in the visual world and it is also an important cue in face processing (Simmons et al., 2004; Rhodes et al., 2005; Chen et al., 2007; Anderson and Gleddie, 2013) . Previous neuroimaging studies on symmetry detection have mostly used low-level stimuli such as dot configurations. These studies have implicated various extrastriate visual areas, in particular the lateral occipital region (Sasaki et al., 2005; Tyler et al., 2005) , and the functional significance of the lateral occipital (LO) cortex in symmetry detection with such stimuli has been demonstrated by recent transcranial magnetic stimulation (TMS) studies Bona et al., 2014) . In contrast, the detection of facial symmetry appears to involve the occipital face area (OFA) (Chen et al., 2007) , a region in the lateral inferior occipital gyrus and a key node in face processing (Haxby et al., 2000; Rossion et al., 2003; Kadosh et al., 2011; Pitcher et al., 2011; for review, see Atkinson and Adolphs, 2011) . Interestingly, the rightOFA shows differential activation between faces and asymmetric scrambled images but not between faces and symmetric scrambled images whereas the fusiform face area (FFA) does so for both contrasts (Chen et al., 2007) . However, the causal role of OFA in symmetry perception has not been investigated.
In the present study, we focused on the following issues: first, does the rightOFA play a causal role in symmetry detection, and if so, is its role restricted to facial symmetry? Second, is the objectselective region LO, which has been implicated in symmetry processing of nonface stimuli (Sasaki et al., 2005 Bauer et al., 2014; Bona et al., 2014) , also causally involved in facial symmetry detection? These questions were addressed by the use of fMRI-guided TMS, a tool that can reveal the functional necessity of cortical regions in a cognitive function (PascualLeone et al., 2000; Walsh and Cowey, 2000; Sack et al., 2009; Sandrini et al., 2011) .
In Experiment 1, we assessed whether the rightOFA is involved in detection of symmetry in low-level dot configurations (Experiment 1a). RightLO was included as a stimulation site because of its established sensitivity to symmetry in such stimuli (Sasaki et al., 2005; Tyler et al., 2005; Bona et al., 2014) . The left hemisphere homolog of OFA (leftOFA) was used as a control site, as done in a previous TMS study (Pitcher et al., 2007) , because this region is functionally less significant for face perception than the rightOFA. Specifically, lesion studies indicate that the integrity of leftOFA is not necessary for the encoding of facial identity (Landis et al., 1988; Wada and Yamamoto, 2001; Uttner et al., 2002) , and TMS evidence indicates that it is not causally involved in discrimination of face parts (Pitcher et al., 2007) .
To assess the selectivity of OFA to symmetry (independently of other cues mediating figure-ground segregation) a control experiment (Experiment 1b) involving the detection of nonsymmetric shapes defined by collinear Gabor patches (GPs) was performed. In Experiment 2, we investigated the role of the rightOFA and rightLO in facial symmetry detection (Experiment 2a). A standard face discrimination task (the "Jane faces" task; Mondloch et al., 2002) was run as a control experiment (Experiment 2b) to confirm the specificity of rightOFA stimulation across the previous experiments.
Materials and Methods

Participants
Fifteen students (9 males, mean age ϭ 25.1; SD ϭ 2.5) with normal or corrected-to-normal vision from Aalto University, Espoo (Finland) were recruited for the experiments. One participant was excluded because of unreliable localization of rightOFA and leftOFA (see next section), therefore, the final sample consisted of 14 subjects (8 males, mean age ϭ 24.8; SD ϭ 2.4). All participants were right-handed (Oldfield, 1971) and provided a written informed consent before participation. The study was approved by the local ethics committee and participants were treated in accordance with the Declaration of Helsinki. Participants were paid for their participation. The study consisted of three sessions. In the first session, fMRI localization was performed. The TMS studies were performed in the last two sessions. Experiments 1a and 1b were performed in the first session, and Experiments 2a and 2b in the second session. The sessions were separated by at least 1 week. fMRI localization of LO and OFA fMRI localization was performed using a 3 T Signa Excite scanner (General Electric Medical Systems) equipped with a 30-channel receiver head coil. For each participant, the session consisted of three runs (one for LO and two for OFA). RightLO was identified as the activation peak of cluster of voxels that responded more strongly to gray-level images of objects than to scrambled versions of the same pictures (for a similar procedure, see Bona et al., 2014) . Scrambled objects were generated from the original object images by randomly selecting an equal number of square tiles arranging them in a 16 ϫ 16 grid of the same dimensions as the object images. Functional images were acquired in a single run lasting 432 s with gradient echo sequence (23 slices with 3.5 mm slice thickness, RT ϭ 2 s, echo time ϭ 30 ms, voxel size ϭ 3.125 ϫ 3.125 ϫ 3 mm 3 , flip angle ϭ 75). A high-resolution T1-weighted MPRAGE anatomical scan was also acquired for each participant. RightOFA and its homologous in the left hemisphere (leftOFA) were defined as the activation peak of the cluster of voxels that responded more strongly to gray-level images of faces than to objects. Functional images were acquired over two runs, each lasting 271.2 s. Otherwise, the same parameters as for rightLO localization were used. SPM8 MATLABTM toolbox (http://www.fil.ion. ucl.ac.uk/spm; cf. Friston et al., 2007) was used for data preprocessing, parameter estimation, and visualization. After excluding the first four slices of each run to obtain a stable magnetization, the functional images were corrected for interleaved acquisition order and head movements. During the parameter estimation, the data were high-pass filtered with 128 s cutoff, and noise autocorrelation was modeled with the AR(1) model. The data were coregistered with the high-resolution anatomical images.
RightLO was successfully localized in all participants. In one participant neither leftOFA nor rightOFA could be localized; this participant was excluded from the study. LeftOFA could not be localized in five of the remaining participants, in line with previous fMRI studies reporting face-related activation in this region in approximately half of the sample (Rossion et al., 2003; Haist et al., 2010) . As mentioned in the Introduction, this LO region has not been found to be necessary for various aspects of face processing, such as the detection of facial identity (Landis et al., 1988; Wada and Yamamoto, 2001; Uttner et al., 2002) and has been used as a control site for rightOFA before (cf. Pitcher et al., 2007) .
When leftOFA could not be localized, in the TMS sessions the coordinates of rightOFA were used as a reference in the left hemisphere. The mean MNI coordinates were as follows: rightOFA: 46 (SD: 4.6), Ϫ75 (SD 5.4), Ϫ3 (SD: 5.2); rightLO: 44 (SD: 4.6), Ϫ79 (SD 5.6), Ϫ10 (SD: 5.8); leftOFA (calculated only for the nine subjects from whom we obtained a significant activation): Ϫ43 (SD: 4.1), Ϫ82 (SD: 4.3), Ϫ7 (SD: 6.9). Figure 1 shows the rightOFA and rightLO sites in one representative partic- ipant. These coordinates are consistent with prior studies (Pitcher et al., 2009 (Pitcher et al., , 2012 Schwarzkopf et al., 2010; Nagy et al., 2012) .
TMS stimulation
A Nextim stimulator was used to deliver TMS pulses via a biphasic figureof-eight coil. The sites of stimulation were localized using the eXimia NBS neuronavigation system (Nextim), a coregistration software that allows real-time fMRI-guided positioning of the coil (Säisänen et al., 2008) . During the stimulation, the coil was placed tangentially over the activation peaks obtained from participants' fMRI localizers, such that the coil handle was pointing upward and parallel to the midline, similarly to previous studies stimulating LO and OFA (Pitcher et al., 2009; GilaieDotan et al., 2010) . On each trial, a 3-pulse TMS train with a frequency of 10 Hz and an intensity of 40% of the maximum stimulator output was delivered over the target sites. These stimulation parameters were taken from our previous study (Bona et al., 2014) in which we assessed the involvement of LO in detecting symmetry with the same stimuli as used here in Experiment 1a. Vertex was defined as the midway point between the inion and the nasion and equidistant from left and right intertragal (Pitcher et al., 2007) , and has been widely used as a control site in TMS studies as it controls for nonspecific somatosensory effects of TMS without eliciting unintentional neural effects on task performance (Azañó n et al., 2010; Dilks et al., 2013; Ganaden et al., 2013) . Here, vertex was used as the baseline against which the effects of OFA and LO TMS were compared.
Experimental tasks Experiment 1A: symmetry detection in dot patterns
This study aimed to investigate the role of the rightOFA in symmetry processing in dot patterns. The stimulation sites were rightOFA, rightLO, leftOFA, and vertex (baseline).
Stimuli. The stimuli were the same as used in Bona et al. (2014), and similar to those used by Sasaki et al. (2005) . A total of 120 vertically symmetric stimuli and 120 asymmetric stimuli were created, all consisting of 198 white dots on a black background. The patterns were relatively sparse, with the dots covering 1.8% of stimulus area. Each stimulus had a diameter of 16" of visual angle, and dot diameter was 0.16". The luminance of the white dots was 199.82 cd/m 2 and the luminance of the background was 1.12 cd/m 2 . Symmetry was present along the vertical axis (with the vertical axis of symmetry coinciding with the vertical midline of the display). Stimuli were generated by first placing half of the dots randomly onto the left side of the stimulus, and then reproducing the same arrangement on the right side so that the resulting image was symmetric (with each dot on the left side of the image having a corresponding symmetric dot in the right hemispace). For asymmetric stimuli, the dots were distributed in a pseudorandom manner over both the left and right half of the stimulus, with the constraint that the same number of dots appeared to the left and to the right of the midline. Figure 2A shows an example of a symmetric and a nonsymmetric pattern.
In all experiments, stimuli were presented on an 18 inch monitor with a display resolution of 1600 ϫ 1200. Subjects were seated at a view distance of 60 cm, with their heads stabilized by using a chin rest. Stimuli and task were controlled by E-prime v2.0 (Psychology Software Tools).
Procedure. Figure 3 (left panel) depicts the time line of an experimental trial. In each trial a black fixation cross appeared in the middle of the screen for 500 ms, followed by the target (i.e., a symmetric or an asymmetric dot pattern) presented for 75 ms. The TMS pulse train (3 pulses at 10 Hz, i.e., pulse gap of 100 ms) was administered at target onset. Participants were required to indicate whether the target stimulus was symmetric or asymmetric with a button press, using their right index and middle finger. Participants were instructed to respond as accurately and quickly as possible. Each block consisted of 80 trials (40 symmetric and 40 asymmetric targets, presented in random order). Four blocks were run, one for each stimulation site (rightLO, rightOFA, leftOFA, and vertex). The order of blocks was randomized across participants. Prior to the experi- 
Experiment 1b: detection of shapes defined by collinearity of GPs
This study was run to test whether possible effects of OFA and LO-TMS on symmetry detection in Experiment 1a depended on these regions being involved in figure-ground segregation mechanisms also based on other grouping cues (such as collinearity). TMS was applied over rightOFA, rightLO, leftOFA, and vertex (baseline), as in Experiment 1a. As in Kourtzi et al. (2005) , our stimuli consisted of shapes defined by a closed contour of similarly oriented Gabor elements that were embedded in a background of Gabor elements. These stimuli (Fig. 2B) yield the perception of a global figure in a textured background rather than simple paths (i.e., open contours).
Stimuli. The stimuli consisted of GP patterns (grayscale values ranging from 13 to 165) presented on a gray background (gray value 89; Bona et al., 2014) . Each Gabor element was defined as the product of a sine wave (i.e., odd phase) luminance grating (frequency of 3.75 cycles/deg) and a 2D Gaussian envelope (SD of 0.19" in both dimensions). The luminance of the GP ranges from a minimum luminance 1.74 cd/m 2 to maximum luminance of 64.72 cd/m 2 . The background luminance was 17.24 cd/m 2 . Each pattern had a diameter of 16" of visual angle and the GP diameter was 0.8". GPs were distributed on an invisible 20 ϫ 20 grid. The number of GPs in the patterns ranged from 120 to 210. The minimum center-tocenter distance between the Gabor elements was 0.8." A first set of 40 stimuli was created in which GPs were carefully distributed and oriented to delineate a closed contour (with all contours defining unfamiliar shapes) embedded in a random GP background (similar to Kourtzi et al., 2005) . The contour was built up from a variable number of GPs that always corresponded to the 40% of the total number of GPs present on screen (the remaining 60% GPs were random background). A second set of 40 stimuli was generated consisting of GPs randomly distributed and oriented: for each stimulus of the first set, a corresponding random pattern was created for the second set, so that GP patterns in the two sets were fully matched in terms of the total number of GPs they contained. Figure 2B shows an example of a stimulus with and without the embedded shape.
Procedure. The task involved shape detection; participants were required to indicate, with a button press, whether the target stimulus contained a shape. Participants were instructed to respond as accurately and quickly as possible. An experimental block contained 80 stimuli (40 with a visible shape and 40 with no shape, randomly presented). Four blocks were performed, one for each TMS site (rightOFA, rightLO, leftOFA, and vertex).
Experiment 2a: symmetry detection in faces
This study aimed to investigate whether the rightOFA and rightLO are causally involved in detecting symmetry in faces. The stimulation sites were rightOFA, rightLO, and vertex (baseline). We chose not to include any active stimulation sites in the left hemisphere as we were primarily interested in the role of the rightOFA and rightLO. The same stimulation sites were used in the study by Pitcher et al. (2007) .
Stimuli. Stimuli were adapted from Rhodes et al. (1998;  Experiment 2) and consisted of 26 normal faces (13 males) and their perfectly symmetric versions. All faces displayed a neutral expression and were presented in frontal view. The perfectly symmetric versions were obtained by blending each face with its mirror image (for a detailed description, see Rhodes et al., 1998 Rhodes et al., , 2005 . Faces measured ϳ10.5 ϫ 14.5 degrees of visual angle and were centrally presented, embedded in a black semi-oval masking the hair (Fig. 2C) . The mean luminance of the stimuli was 84.91 cd/m 2 and the background luminance was 0.82 cd/m 2 . Procedure. Figure 3 (right panel) shows the time line of an experimental trial. The procedure was as in Experiment 1a, with the exception that faces rather than dot patterns were used as stimuli, and participants had to indicate whether or not faces were symmetric. Each face was presented for 300 ms; stimulus duration was chosen on the basis of a prior pilot study showing that with this duration baseline accuracy is high (ϳ90%). The experiment consisted of three blocks, one for each stimulation site (rightOFA, rightLO, and vertex). Each block consisted of 46 trials (23 symmetric and 23 asymmetric targets, presented in random order). The order of the TMS blocks was randomized across subjects. Triple-pulse 10 Hz TMS at 40% of the maximum stimulator output was given as in Experiment 1. Participants were instructed to respond as accurately and as quickly as possible. Before the experiment, participants performed a practice no-TMS block consisting of 20 trials (10 symmetric and 10 asymmetric).
Experiment 2b: facial feature discrimination (Jane task)
This experiment was run to confirm correct localization of rightOFA and rightLO. If the stimulation sites were accurately localized, then TMS over In Experiments 1a and 1b, each trial began with a black fixation cross for 500 ms, followed by the target presented for 75 ms. Participants were required to indicate whether the stimulus was symmetric or asymmetric (Experiment 1a) or whether the stimulus embedded a shape or not (Experiment 1b). The TMS pulse train (3 pulses, 10 Hz) began concurrently with the target onset. In Experiment 2a the stimulus consisted of a face and participants had to indicate whether the face was either perfectly symmetric or slightly asymmetric.
OFA but not over LO should affect face discrimination based on featural differences (cf. Pitcher et al., 2007 Pitcher et al., , 2011 . The stimulation sites were rightOFA, rightLO, and vertex (baseline).
Stimuli. Stimuli were taken from the Jane faces task set (Mondloch et al., 2002) and consisted of five grayscale images (picture size: 9.7 ϫ 14.4 degrees of visual angle) of a Caucasian female face (called "Jane") and of its four featural variants ("Jane's sisters"; (Fig. 2D) . Specifically, featural variants were obtained by replacing the original Jane's eyes and mouth with matching features from different female faces (for a detailed stimulus description, see Mondloch et al., 2002) . The mean luminance of the stimuli was 97.32 cd/m 2 and the background luminance was 32.56 cd/m 2 . Procedure. Procedure was similar to that used in a previous TMS study using the Jane faces task (Renzi et al., 2013) . Each trial started with a black fixation cross appearing in the middle of the screen for 1000 ms, followed by a blank screen (500 ms), and the presentation of the first face appearing on the screen for 200 ms. A blank screen was then presented for 300 ms, followed by a second face that remained visible on the screen until participants' response. Participants were required to indicate, with a button press, whether the two faces were identical or different. On each trial, the TMS pulse train began simultaneously with the onset of the second face (Renzi et al., 2013) . Stimulation site and parameters were the same as in Experiment 2a. Participants were instructed to respond as accurately and as quickly as possible. The experiment consisted of three blocks, one for each stimulation site (rightOFA, rightLO, and vertex). Each block consisted of 40 face pairs (20 "different" trials and 20 "same" trials) randomly presented. The order of the TMS blocks was randomized across subjects. Before the experiment, participants performed a short no-TMS practice consisting of 20 trials (10 "different" trials and 10 "same" trials).
Results
Overall performance level was high in all experiments (mean accuracy ϭ 96%, SD ϭ 2.08 in Experiment 1a; mean ϭ 87%, SD ϭ 6.41 in Experiment 1b; mean ϭ 86%, SD ϭ 4.48 in Experiment 2a; and mean ϭ 91%, SD ϭ 5.85 in Experiment 2b). Statistical analyses were performed on mean response latencies adjusted for level of accuracy (i. Figure 4A shows the mean (n ϭ 14) inverse efficiency for each TMS condition. A repeated-measures ANOVA with TMS site (rightLO, rightOFA, leftOFA, and vertex) as within-subjects variable revealed a significant effect of TMS (F (3,39) ϭ 7.46, p Ͻ .001; p 2 ϭ 0.36). Post hoc t tests (Bonferroni-Holm correction applied) showed that, relative to the baseline (vertex), performance was impaired when TMS was applied over rightOFA (t (13) ϭ 4.15, p ϭ 0.007), and rightLO (t (13) ϭ 3.57, p ϭ 0.014). TMS over the leftOFA had no effect relative to vertex (t (13) Ͻ 1, p ϭ 0.92). LeftOFA and rightOFA did not significantly differ from each other (t (13) ϭ 3.22, p ϭ 0.19).
Experiment 1a: symmetry detection in dot patterns
In summary, results of Experiment 1a reveal that both rightLO and rightOFA are causally involved in symmetry detection in dot patterns. Figure 4B shows the mean (n ϭ 14) inverse efficiency for each TMS condition. A repeated-measures ANOVA with TMS site (rightLO, rightOFA, leftOFA, and vertex) as within-subjects variable revealed a significant effect of TMS (F (3,39) ϭ 6.18, p ϭ 0.002; p 2 ϭ 0.32). Post hoc t tests (Bonferroni-Holm correction applied) showed that compared with vertex (baseline), performance was impaired by leftOFA TMS (t (13) ϭ 3.25, p ϭ 0.031) and by rightLO TMS (t (13) ϭ 3.46, p ϭ 0.026), but not by rightOFA TMS (t (13) ϭ 1.73, p ϭ 0.33). LeftOFA and rightOFA did not significantly differ from each other (t (13) ϭ 2.29, p ϭ 0.12).
Experiment 1b: detection of shapes defined by collinear Gabor patches
The results of Experiment 1b are consistent with previous data (Pitcher et al., 2007; Solomon-Harris et al., 2013) indicating that LO but not rightOFA plays a causal role in detection of shapes. The results of Experiments 1a and 1b indicate that rightOFA plays a role in figure-ground segregation based on symmetry detection, but not based on collinearity. Figure 5A shows the mean (n ϭ 14) inverse efficiency for each TMS condition. A repeated-measure ANOVA with TMS site Figure 4 . The mean (n ϭ 14) inverse efficiency (i.e., RT/accuracy) for each TMS condition in Experiment 1a (A), which assessed symmetry detection in dot patterns, and Experiment 1b (B), which assessed shape detection. The asterisks indicate significant pairwise comparisons (Bonferroni-Holm corrected). Error bars represent Ϯ 1 SEM. In Experiment 1a, TMS significantly impaired symmetry detection in dot patterns when applied over rightOFA and rightLO compared with vertex (baseline), whereas stimulation of leftOFA did not affect performance. In Experiment 1b, TMS over rightLO and leftOFA significantly impaired shape detection compared with vertex stimulation, whereas rightOFA TMS did not.
Experiment 2a: symmetry detection in faces
(rightLO, rightOFA, and vertex) as within-subjects variable on adjusted RT showed a significant effect of TMS (F (2,26) ϭ 7.38, p ϭ 0.003; p 2 ϭ 0.36). Post hoc t tests (Bonferroni-Holm corrected) showed a significant impairment of performance when TMS was applied over rightOFA compared with vertex (t (13) ϭ 3.15, p ϭ 0.015), but not when it was applied over rightLO (t (13) Ͻ 1, p ϭ 0.79), compared with vertex. RightLO and rightOFA significantly differed from each other (t (13) ϭ 3.69, p ϭ 0.008).
In summary, results of Experiment 2a demonstrate that rightOFA but not rightLO is involved in discriminating facial symmetry.
Experiment 2b: facial feature discrimination (Jane faces task).
Figure 5B shows the mean (n ϭ 14) inverse efficiency for each TMS condition. A repeated-measure ANOVA with TMS site (rightLO, rightOFA, and vertex) as within-subjects variable on adjusted RT showed a significant effect of TMS (F (2,26) ϭ 8.09, p ϭ 0.002; p 2 ϭ 0.38). Post hoc t tests (Bonferroni-Holm corrected) showed a significant impairment in performance following stimulation of rightOFA compared with vertex (t (13) ϭ 2.88, p ϭ 0.026), whereas rightLO TMS did not affect performance compared with vertex stimulation (t (13) Ͻ 1, p ϭ 0.92). RightLO and rightOFA significantly differed from each other (t (13) ϭ 4.37, p ϭ 0.002).
Results of Experiment 2b are therefore consistent with previous studies showing that rightOFA but not rightLO is involved in discrimination of facial features (Pitcher et al., 2007 (Pitcher et al., , 2011 , confirming that these regions were correctly localized and that, despite of their cortical proximity, these regions can be selectively affected by TMS.
Discussion
The aim of our study was to shed light on the roles of rightOFA and rightLO in symmetry detection both in low-level stimuli (dot configurations) and in faces, where the features (e.g., ears, eyes) are normally somewhat symmetric, but not fully so. In the first experiment (Experiment 1a), we showed that interfering with rightOFA or rightLO activity with TMS impaired participants' performance in detecting symmetry in dot patterns, whereas TMS over the homolog of OFA in the left hemisphere (leftOFA; used here as a control site as in Pitcher et al., 2007) had no effect. In the second experiment we showed that TMS over rightOFA but not over rightLO affected participants' ability in deciding whether a face was perfectly symmetric or not (Experiment 2a). Our findings cannot be explained in terms of poor localization of rightOFA, as in two control experiments we showed a double dissociation for the effects of TMS on rightLO and rightOFA, confirming that these two sites can be selectively affected by TMS (Pitcher et al., 2007) . Specifically, TMS over rightLO but not over rightOFA impaired detection of shapes defined by collinearity of Gabor patches (Experiment 1b); conversely TMS over rightOFA but not rightLO impaired face discrimination (Experiment 2b) based on featural aspects (the Jane faces task; Mondloch et al., 2002 ; for a similar result see Pitcher et al., 2007) .
Although the literature on rightOFA tends to focus on face processing (Haxby et al., 2000; Pitcher et al., 2007 Pitcher et al., , 2009 Pitcher et al., , 2011 Kadosh et al., 2011; Solomon-Harris et al., 2013; Zhao et al., 2014) , there is evidence for its involvement in processing of nonface stimuli (Gilaie-Dotan et al., 2008; Haist et al., 2010; Slotnick and White, 2013) . For example, Haist et al. (2010) showed that OFA is equally activated by faces and objects when participants are required to process objects at an individual level (i.e., to discriminate between individual exemplars). Furthermore, a prior TMS study has implicated the rightOFA in the processing of 2D shapes. It is interesting to note that in that study, the stimuli were symmetric; it may be that OFA can be involved in the encoding of shapes if these contain attributes (such as symmetry) that are strongly characteristic of faces. In fact, prior TMS studies have found no evidence for the involvement of OFA in processing of houses or meaningless objects (where symmetry was not a salient feature) (Pitcher et al., 2007 (Pitcher et al., , 2009 . Our results are consistent with this literature, as TMS over rightOFA did not impair detection of nonsymmetric shapes, whereas TMS over rightLO did so (Experiment 1b). Symmetry may be a special case for rightOFA's involvement in the encoding of nonface stimuli. The mean (n ϭ 14) inverse efficiency (i.e., RT/accuracy) for each TMS condition in Experiment 2a (A), which assessed symmetry detection in faces, and Experiment 2b (B), which assessed face discrimination. The asterisks indicate significant pairwise comparisons (Bonferroni-Holm corrected). Error bars represent Ϯ 1 SEM. In Experiment 2a, TMS significantly impaired symmetry detection in faces when applied over rightOFA compared with vertex (baseline), whereas stimulation of rightLO did not. Similarly, in Experiment 2b, TMS over rightOFA affected face discrimination, whereas TMS over rightLO did not.
In a further experiment (Experiment 2a), we investigated whether rightOFA and rightLO are causally involved in detection of facial symmetry. TMS over rightOFA impaired performance whereas stimulation of rightLO had no significant effect. Our results show that whereas symmetry in dot configurations involves both rightOFA and rightLO, facial symmetry detection (discriminating perfectly symmetric relative to "normal" faces, which are always somewhat asymmetric) relies only on the former. These findings can be reconciled by the coexistence of lowlevel/general and high-level/face-specific symmetry encoding mechanisms. On one hand, symmetry is a low-level visual feature detected by mechanisms operating on simple image properties and independently of object identity and acts as a basic Gestalt principle of perceptual organization (Wagemans, 1995; Koning and Wagemans, 2009; Machilsen et al., 2009; Treder, 2010) . On the other hand, facial symmetry detection may rely on more specialized or higher level mechanisms, functionally different from those involved in other lower level forms of symmetry processing . For example, facial symmetry is more easily detected in upright than in inverted faces, although inversion does not affect low-level properties of faces . The level of symmetry in faces may also affect its perceived attractiveness, the evaluation of which involves OFA (Iaria et al., 2008) . Our results indicate that symmetry as a lowlevel stimulus property (as in dot configurations) recruits both rightLO and rightOFA. In contrast, the detection of facial symmetry selectively relies on rightOFA (with no causal involvement of rightLO), consistently with the existence of face-specific symmetry mechanisms. Whether these processes share a common basis is unknown. It is possible that generic symmetry detection mechanisms might become tuned to facial symmetry detection because of high exposure to human faces .
Overall, our data shed new light on the functional role of rightOFA. Although this area is widely considered to be a critical node in face processing (Haxby et al., 2000; Rossion et al., 2003; Kadosh et al., 2011; Pitcher et al., 2011) , the specific types of face information encoded by this region are still under debate (Rossion et al., 2003) . For example, OFA role in face detection is controversial (Rossion et al., 2003; Nestor et al., 2008; Renzi et al., 2014) . Other studies indicate that the OFA is involved in face recognition via its sensitivity to spatial arrangement of facial elements Jones et al., 2012) . There is much support for the role of OFA in face discrimination (Pitcher et al., 2007; Kadosh et al., 2011; Solomon-Harris et al., 2013) . Our results extend the range of visual processes in which OFA is involved to include symmetry processing.
In Experiment 1b, TMS affected shape detection based on collinearity of Gabor patches both when delivered over rightLO and over leftOFA, the homolog of OFA in the left hemisphere. The causal involvement of rightLO in shape detection replicates our previous findings using the same task (Bona et al., 2014) and is consistent with numerous TMS studies highlighting the critical role of this region in object/shape processing (Altmann et al., 2004; Ellison and Cowey, 2009; Mullin and Steeves, 2011; Ales et al., 2013) . The effect observed with TMS over the leftOFA may be due to the stimulation actually affecting the leftLO. This is because the leftOFA is not a robust region in terms of fMRI localization; in almost half of our participants there was no faceselective response in this area, consistent with prior reports (Rossion et al., 2003; Haist et al., 2010) . Furthermore, leftOFA does not seem to play a causal role in face processing (Rossion et al., 2003; Pitcher et al., 2007) ; thus it may be that the functional role of this region in the left hemisphere relates to object processing.
While the precise role of leftOFA is unclear, the key issue for the conclusions of our study is that the rightOFA and rightLO could be accurately localized. This is shown by the findings that TMS over rightOFA but not over rightLO affected the face discrimination task (Jane task, Experiment 2b, replicating findings by Pitcher et al., 2007) , and TMS over rightLO but not over rightOFA affected shape detection (Experiment 1b). This double dissociation in the effects of rightOFA and rightLO in the processing of faces and objects indicates that TMS could selectively and differentially target these two sites.
Overall, our results demonstrate that the rightOFA is causally involved in detection of symmetry, also for nonface dot configurations. In contrast, the rightLO is involved in detection of symmetry in dot configurations but not in faces.
